Complications in tracing the effects of bacterial viruses on bacterial variation and evolution were attributed in former communications to the presence of mixtures of viruses in lysogenic bacterial strains (Hewitt, 1954a, b) . Further information on this point has now been sought by investigating the effects of various drugs on the nature of the virus preparations yielded by lysogenic strains. In these preliminary studies the substances chosen for study included antibiotics and other chemotherapeutic substances known to have bactericidal or bacteriostatic effects, various metabolic and enzyme poisons, competitive metabolite analogues and other compounds which may inhibit virus multiplication. METHODS The strains of Corynebacteriurn diphtheriae used, particularly a group of gravis strains, have been described previously (Hewitt, 1954 b) ; the general experimental methods used were as before. Methods of obtaining drug-resistant strains have also been described (Hewitt, 1948a, b; 1950a, b; .
Streptomycin was used in the form of the sulphate, crystalline erythromycin base was kindly supplied by Abbott Laboratories and propamidine di-isethionate by Messrs May and Baker, Other drugs were of the purest form obtainable and were sterilized by filtration of the solutions or by heating.
RESULTS

Efects of treatment with streptomycin
Growth of the diphtheria strains was inhibited by streptomycin sulphate in a dose of about l,ug./ml., but after several subcultures in media containing graded dilutions of the antibiotic, resistant cultures were obtained which grew in broth containing 100Opg. streptomycin sulphatelml. (Hewitt, 1948 a) . After several further subcultures in streptomycin broth followed by cultivation in plain broth the resistant strains were tested for toxigenicity, virus sensitivity and lysogenicity. The virulence of the resistant strains remained unaltered. Thus the streptomycin-resistant strain 868 S remained avirulent, like the parent strain H868, and strains 873s and 874s remained virulent. The strains 873s and 874s remained lysogenic but there was a change in virus sensitivity from the parent strains H873 and H874, and a change in the characters of the viruses they were carrying. Virus preparations from the resistant and parent strains were obtained by ultraviolet irradiation of broth cultures followed by incubation and filtration through sterile collodion membranes. The behaviour of the strains and viruses is given in Table 1 . It will be seen that 873s and 874s still carried viruses capable of lysing H868 but, whereas the virus preparation from the parent strain H874 lysed H873, the viruses from the streptomycin-resistant strain 874 S did not. This suggests that the parent strain H874 was carrying two viruses, only one of which was capable of lysing H878, and that this virus disappeared during the development of streptomycin resistance. Confirmation of this follows from the fact that the virus preparation obtained from the parent strain H 874 lysed the corresponding streptomycinresistant strain 874 S. The streptomycin-resistant strain had lost one of the viruses (the one attacking H873), and being no longer symbiotically infected with this virus was now susceptible to its action. Inspection of Table 1 fails to reveal any differences in the virus susceptibility of strain H868 when it is Effect of streptomycin resistance on virulence transfer Viruses from strain H874 convert the avirulent strain H868 to virulence, whilst H873 viruses do not (Hewitt, 1954a, b) . In the next series of experiments virus preparations from both the parent strains and the streptomycinresistant variants were added to the avirulent strain H 868 and the streptomycinresistant 868 s. The virus-resistant strains which grew out were subcultured in broth to rid them of free virus particles and tested for toxigenicity. From the results given in Table 2 it will be seen that viruses from the strains H874 and 874s rendered both H868 and 868s fully toxigenic. On the other hand, there was a change in the behaviour of H873 viruses when the bacterial strain had been made streptomycin-resistant. Viruses from the parent strain H 873 failed to convey toxigenicity to H868 or 868S, but viruses from the streptomycin-resistant strain 873 S converted strain 868 S to full toxigenicity. Only a trace of toxigenicity was conveyed to H868 by 873s viruses. 
C. diphtheriae)
The explanation of the results from experiments in this and preceding communications is that the parent strains H873 and H874 each carry two distinct viruses and H868 one virus. During the development of streptomycin resistance, bacterial cells are selected which have each lost one type of virus, so that 873s and 874s are now each carrying only one type of virus and 868s is no longer lysogenic. The viruses carried by the parent strain H874 may be designated 874, 1 (t+) and 874, 2. Virus 874, 1 (t+) is dominant, as shown in the previous communication, and capable of transferring toxigenicity (t+) to the avirulent strain H868. Virus 874, 2, is incapable of transferring toxigenicity to the avirulent strain but it is capable of lysing strain H873, unlike virus 874, l(t+). Since both the parent strain H874 and 874s carry virus 874, l ( t + ) both strains yield virus preparations which transfer virulence to H868, but only H874 carries virus 874, 2, hence the resistant strain 874s does not yield virus which lyses H873 and is indeed itself susceptible to lysis by 874, 2. In the case of strain H873, the dominant virus Effect of drugs on lysogenic viruses 291 873, 1, is incapable of transferring toxigenicity to the avirulent strain, but removal of this virus allows the weaker virus 873, 2(t+) to infect other strains, and this virus is capable of conveying toxigenicity to the susceptible avirulent strain 868s. The strain H868 appears to be carrying a virus which hinders the conveyance of toxigenicity to the strain by the weak virus 873, 2(t+) but not by the dominant virus 874, l(t+). Removal of the virus yields strain 868s which is no longer lysogenic, and there is therefore no hindrance to toxigenicity transfer even by the weak virus 873,2(t+). These conclusions are summarized in Table 3 . 
Effect of various chemotherapeutic agents and other compounds
Some insight into the mechanisms by which streptomycin affected the viruses carried by lysogenic strains may be gained by studying the effects of various other substances. In each case strains were subcultured in broth containing serial dilutions of the given compound and subcultures were made from the culture which contained the highest concentration of the compound in which bacterial growth occurred. These serial subcultures were continued from 6 to 12 times and some increases in tolerance to the compounds were observed; in no case was the degree of resistance developed comparable to that obtained with streptomycin. Approximate inhibitory concentrations of the drugs in the case of various diphtheria strains are summarized in Table 4 .
Erythromycin was found to be extremely inhibitory to diphtheria cultures, and the increased resistance developed when the organisms were subcultured in presence of this compound was comparatively slight, as observed with penicillin, and not marked as with streptomycin (Hewitt, 1948a) . The increased resistance to propamidine was also of the same order as that observed previously (Hewitt, 1948 b) . It is perhaps of interest that sodium arsenite was much more inhibitory to diphtheria bacilli than was sodium azide, and that potassium cyanide and 2 : 4-dinitrophenol, although metabolic poisons, were relatively non-toxic.
The toxigenicities of the strains, derived from strains H868, H873 and H874, and by subcultivation in the presence of the various compounds listed in Table 4 were tested by growing cultures in standardized broth and titrating the culture filtrates against standard diphtheria antitoxin by intracutaneous injection in albino guinea-pigs. In no case was there any appreciable change in toxigenicity except for a decrease in the case of the streptomycin-resistant strains and in the strain from H874 treated with cyanide. Each drug-resistant strain was tested for its sensitivity to various virus preparations. The lysogenic viruses carried by the strains were investigated by ultraviolet irradiation of the cultures and testing the lytic activities of the sterile virus filtrates. There were no marked alterations of virus sensitivity of the strains H868 and H873 and the lysogenic viruses carried by these strains showed no change in host specificity after being treated with the various compounds listed in Table 4 . The only alterations in virus sensitivity and in the nature of the viruses carried by strain H874 were those produced by streptomycin and already mentioned ( Table 5 ). There were, nevertheless, changes in the characters of some of the lysogenic viruses as shown in the next section. Effect of drugs on lysogenic viruses 293 Virulence transfer from drug-resistant straifis The sterile virus filtrates obtained after ultraviolet irradiation of the drugresistant strains were tested for their virulence-transferring activity by adding them to the susceptible avirulent strain H 868. The virus-resistant strains which grew out after incubation overnight were subcultured twice in broth to ensure virus ' homogenization ' (Hewitt, 1954b) before their toxigenicity was tested. The results are summarized in Table 6 . It will be seen that viruses from the drug-resistant strains derived from H 874 still conveyed toxigenicity whilst those from H873 still failed to convey toxigenicity except for the slight toxigenicity transferred by viruses from the streptomycin-resistant strain. 
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which conveyed toxigenicity as before, but the viruses from some of the H 873 drug-resistant strains were also capable of transferring toxigenicity. H873 strains made resistant to arsenite, copper or cobalt as well as streptomycin converted the avirulent strain to full toxigenicity . Slight toxigenicity, in decreasing degree, was also conveyed by the viruses from H873 strains treated with barbituric acid, sodium azide, 2 : 4-dinitrophenol, erythromycin, propamidine di-isethionate or euflavine. In each of these cases the compound had exerted an effect, in varying degree, of suppressing the non-virulenceconveying virus carried by H 873 and thus enabled the virulence-conveying virus 2(t+) to become dominant and effective.
Converted virulent strain
It was thought possible that an avirulent strain recently converted to virulence by treatment with a virus might be more susceptible to alteration or removal of its lysogenic virus. Strain H868 after treatment with viruses from H874 yielded a fully virulent and toxigenic strain 868R874. After frequent subculture in broth and on Loeffler slopes it was grown in streptomycin broth. After nine subcultures in this streptomycin broth its resistance to streptomycin had increased 1000 times. The streptomycin-resistant strain remained virulent and toxigenic (0.3 unit toxin/ml.) and when irradiated with ultraviolet light it liberated virus which was filtered through a collodion membrane and added to the avirulent strain H 868. The virus-resistant strain which grew out was virulent and toxigenic (1.4 units toxin/ml.) The virus also conveyed virulence and toxigenicity (0.6 unit toxin/ml.) to the streptomycinresistant avirulent strain 868 s.
The converted avirulent strain (868 R 874) was also subcultured in increasing concentrations of propamidine di-isethionate or thiouracil. In each case the toxigenicity was maintained (1.3 and 2.0 units toxinlml. respectively) and the strains remained lysogenic. Thus in converting it to virulence the virus had formed a stable symbiotic infection of the avirulent strain and neither the lysogenicity nor the toxigenicity could be removed readily.
DISCUSSION
Streptomycin-resistant strains of Corynebacterium diphtheria derived from lysogenic bacteria differ from the parent strains not only in antibiotic resistance but also in the viruses they are carrying. As a result of these experiments and others previously reported (Hewitt, 1954 a, b) it is concluded that two virulent gravis strains of C . diphtheriae were each carrying two distinct viruses. In each case one of the viruses (t+) was capable of transferring virulence and toxigenicity to a susceptible avirulent strain, whilst the other virus (n) was not. In one strain, H874, the toxigenicity-transferring virus t+ was dominant whilst in the other strain H873 the virus incapable of transferring virulence, virus IYL, predominated. When the virus preparation from H874 was added to the avirulent strain the virus-resistant culture which grew out was fully virulent and toxigenic, whilst the resistant culture obtained by the action of 
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295 the viruses from H873 on the avirulent strain remained completely avirulent and non-toxigenic, although it had been rendered lysogenic with respect to the infecting virus. On the other hand, when the streptomycin-resistant cultures 873 S and 874 S derived from the parent strains were examined they were both found to have lost the n virus but to have retained the virulence-transferring t+ virus. This had little apparent effect on the H874 viruses since the t+ virus had been dominant originally but, in the case of strain H873 the removal of the n virus allowed the t+ virus to exert its effect and 873 S viruses were capable of transferring virulence and toxigenicity to the susceptible avirulent strain, unlike the parent H873 viruses. The t+ and n viruses from H874 differ in host specificity since only the n virus is capable of lysing strain H873. The streptomycin-resistant 874s strain, having lost its n virus, is now susceptible to lysis by viruses from the parent strain, which is infected with both t+ and n viruses. From their behaviour it appears that the t+ and n viruses of strain H873 differ from those of strain H874. In the case of the avirulent strain H868 the development of streptomycin resistance is accompanied by increased susceptibility to conversion to virulence. The parent strain H868 is rendered fully virulent and toxigenic by virus preparations which contain the dominant t+ virus from H874, but not by the 'recessive' t+ virus from H873 strains. The streptomycin-resistant avirulent strain 868 S is, however, rendered fully virulent and toxigenic by the t+ virus from H873 strains made resistant to streptomycin and various other compounds. Presumably H 868 itself carries a virus which prevents transfer of virulence from 873 strains by the relatively ineffective 873 t+ virus.
Other compounds besides streptomycin affect the viruses carried by lysogenic strains. In particular, arsenite, cobalt and copper salts are particularly effective in removing the dominant n virus from H873 so that the remaining t+ virus is able to transfer virulence to the susceptible avirulent strain.
In seeking an explanation of the fact that it is always the n virus which is removed from the lysogenic strains by drug treatment it is perhaps significant to note that the more firmly established t+ virus is the one capable of transferring toxigenicity to susceptible strains. The virulence or toxigenicity appears to be a genetic property permanently transferred to the strain and inherited by the daughter cells. It is possible, therefore, that the firmly established t+ viruses are attached to the chromosomal or nuclear structures of the bacterial cell, whilst the relatively labile n viruses may be free in the cell cytoplasm. It may be that cases in the literature of loss of viruses from lysogenic strains (den Dooren de Jong, 1931; Clarke, 1952) may have occurred in the case of purely cytoplasmic viruses whilst the more firmly attached viruses with which attempts at removal have failed may be attached to the cellular genetic structure.
Although lysogenic bacteria generally transmit symbiotic viruses to all their progeny it is by no means certain that each of the infecting viruses forms part of the nuclear structure of the host bacterium. When the bacterial cell divides the viruses firmly attached to the nuclear structure would be transmitted to the progeny in indefinite series unless there was a change in the genetic structure of the cell corresponding to a mutation. In the case of viruses purely cytoplasmic in location transmission to the daughter cells would be much more haphazard and an occasional daughter cell would occur devoid of this particular type of virus.
Further evidence has accumulated, from the experiments reported in the present communication, on the mechanisms by which bacterial viruses may control bacterial variation and evolution. In particular it would seem that symbiotic viruses differ in their firmness of union with the bacterial cell; in the cases now studied the firmly attached viruses alone seem capable of transferring genetic properties to another bacterium. A further point concerns the dominance of certain viruses over others, but the dominant virus in a lysogenic bacterium is not necessarily the firmly attached virus; in one strain the more ' labile ' virus predominated in its influence over the firmly attached ' nuclear ' virus, whilst in another the ' nuclear ' virus was dominant.
Bacterial viruses may be used for screening and selecting compounds for their potential value in the treatment of animal virus infections. It seems possible that effects in inhibiting bacterial lysis may be comparable to the prophylactic use of drugs for protection against virus infections. For the treatment of established animal virus infections the comparable phenomenon in the case of bacterial viruses is the 'cure' of lysogeny and the removal of lysogenic viruses. It may well be that, just as with the bacterial viruses, certain animal viruses may form more stable infections of their host cell than do other viruses. Eventually there may prove to be considerable differences in the efficacy of chemotherapy in different virus diseases for this reason.
Although streptomycin proved most successful in affecting the viruses carried by the lysogenic strains it is by no means certain that this reflects any direct activity against the viruses themselves. Streptomycin had no inhibitory effect on bacterial lysis by viruses. In the development of streptomycinresistant strains a selection of bacterial variants had occurred and it may well be that the streptomycin-resistant strains differed from the parent strains mainly because the variants selected carried different virus combinations from the parent and not because the streptomycin had any marked direct effect on the viruses.
The mechanism by which streptomycin might be expected to select bacterial variants symbiotically infected with viruses attached to the nucleus but devoid of 'cytoplasmic' viruses may be visualized as follows. As already mentioned, in the case of the progeny of a bacterial cell infected with both ' nuclear ' and ' cytoplasmic ' viruses, all the daughter cells continue to carry the viruses firmly attached to the nucleus but an occasional daughter cell may be devoid of viruses present in the cytoplasm of the parent cell. A selective agent such as streptomycin which selects only one bacterial cell out of many million could not be expected to affect a virus attached to the bacterial nucleus but might well select for survival a cell devoid of the cytoplasmic virus infection. The streptomycin-resistant culture derived from this variant cell would then be devoid of the cytoplasmic virus. In the case of the other compounds tested there had not been the thousandfold increase in resistance, as Effect of drugs on, lysogenic viruses 297 with streptomycin, and hence not so narrow a selection of bacterial variants. In these other cases, therefore, the results may have been due to a more direct effect of the given compound on the virus infection.
It is interesting in this connexion to note that although Smadel, Jackson & Gauld (1947) found streptomycin of value against some rickettsia1 infections it has no effect on certain other virus diseases (Hamre & Rake, 1947) . Although erythromycin has high bactericidal activity against diphtheria bacilli, it has little action on the symbiotic viruses; it did not give rise to highly resistant cultures, as did streptomycin, and hence did not select bacterial variants which carried different viruses. Hobson (1954) found that erythromycin did not affect the lysogenic pattern of staphylococci. Acridines are of limited value in some virus infections (Fitzgerald & Lee, 1946;  Green, Rasmussen & Smadel, 1946; Hurst, 1948; Foster, 1948;  Bourke, Robbins & Smith, 1952; Takemoto, Robbins & Smith, 1954) . DeMars (1953) found that proflavine effected mutagenesis of viruses active against Escherichia coli ; some compounds which induce the liberation of viruses from bacterial cells are also carcinogenic (Boyland, 1952) . Irwin & Irwin (1954) reported that an acridine compound reacted with nucleic acids; in the present experiments euflavine had only a very slight effect in suppressing one of the bacterial viruses. Propamidine di-isethionate had only a slight effect on the lysogenic viruses of diphtheria, in accord with the results of Bourke et al. (1952) who found only a slight effect on lysis of Escherichia coli. In the case of purine and pyrimidine analogues Thompson, Price, Minton, Falco & Hitchings (1951) found some protection against vaccinia virus by phenoxythiouracil ; Commoner & Mercer (1952), Jeener (1954), and Bawden & Kassanis (1954) found that thiouracil influenced some plant virus infections, but Matthews (1953) reported no effect. In the present work thiouracil had no effect on lysogenic diphtheria viruses; barbituric acid had a slight effect.
The other compounds investigated were chosen on account of their known effects on various bacterial enzymes and metabolic systems. Arsenite inhibits oxidative decarboxylation in the citric acid cycle and it was effective in ridding lysogenic diphtheria strains of one of the viruses carried. h i d e and cyanide interfere with catalase activity and hence might enable peroxide produced in cellular metabolism to accumulate and to liberate lysogenic viruses, but the effect on lysogenic viruses was slight. Cobalt and copper salts may also lead to peroxide accumulation since thiol (sulphydryl) compounds yield peroxide by auto-oxidation in the presence of traces of these metallic ions. It is perhaps significant, therefore, that both cobalt and copper salts had a marked effect in removing a lysogenic virus from the diphtheria strains used here. 2 : 4-Dinitrophenol (DNP) causes an uncoupling of oxidative phosphorylation and might be expected to affect the synthesis of the nucleic acids of viruses. Both Heagy (1950) and Czekalowski (1952) found that DNP did inhibit certain bacterial viruses; in the present experiments it had only a very slight effect on the lysogenic diphtheria viruses.
